Hyperinsulinemia accompanying insulin resistance (IR) is an independent risk factor for stroke. The objective is to examine the cerebrovascular actions of insulin in Zucker obese (ZO) rats with IR and Zucker lean (ZL) control rats. Diameter measurements of cerebral arteries showed diminished insulin-induced vasodilation in ZO compared with ZL. Endothelial denudation revealed vasoconstriction to insulin that was greater in ZO compared with ZL. Nonspecific inhibition of nitric oxide synthase (NOS) paradoxically improved vasodilation in ZO. Scavenging of reactive oxygen species (ROS), supplementation of tetrahydrobiopterin (BH 4 ) precursor, and inhibition of neuronal NOS or NADPH oxidase or cyclooxygenase (COX) improved insulin-induced vasodilation in ZO. Immunoblot experiments revealed that insulin-induced phosphorylation of Akt, endothelial NOS, and expression of GTP cyclohydrolase-I (GTP-CH) were diminished, but phosphorylation of PKC and ERK was enhanced in ZO arteries. Fluorescence studies showed increased ROS in ZO arteries in response to insulin that was sensitive to NOS inhibition and BH 4 supplementation. Thus, a vicious cycle of abnormal insulin-induced ROS generation instigating NOS uncoupling leading to further ROS production underlies the cerebrovascular IR in ZO rats. In addition, decreased bioavailability and impaired synthesis of BH 4 by GTP-CH induced by insulin promoted NOS uncoupling.
Introduction
Type 2 diabetes (T2DM) affects over a fifth of people over the age of 65 years in the United States (Center for Disease Control and Prevention. National Diabetes Fact Sheet, 2011) . Another 35% of people who are 65 years and older have prediabetes that usually begins as insulin resistance (IR), a disorder in which cells fail to use insulin properly, leading to increased insulin levels to maintain normal glucose levels. Individuals with IR and T2DM exhibit sustained hyperinsulinemia that has been implicated in cerebrovascular dysfunction (Erdos et al, 2004; Phillips et al, 2005) and enhanced stroke injury (Matsumoto et al, 1999) .
Insulin, a metabolic hormone, has been known to exert vasodilator (Chen and Messina, 1996; Katakam et al, 2005; Oltman et al, 2000 Oltman et al, , 2006 as well as vasoconstrictor (Eringa et al, 2002; Katakam et al, 2009a; Miller et al, 2002; van Veen and Chang, 1998) effects on several diverse vascular beds. Recently, we identified insulin receptors in rat cerebral arteries and have reported the cerebrovascular actions of insulin (Katakam et al, 2009b) . Cerebral arteries are subjected to hyperinsulinemia in IR and T2DM; however, the impact of insulin on cerebral vasoreactivity in IR has never been examined.
We hypothesized that cerebrovascular IR accompanies metabolic IR in Zucker obese (ZO) rats compared with Zucker lean (ZL) controls. In the present study, we identified the insulin receptors and determined the cerebrovascular actions of insulin in ZO and ZL rats. We also evaluated the endothelium-and vascular smooth muscle-dependent mechanisms involving cyclooxygenase (COX), nitric oxide synthase (NOS), tetrahydrobiopterin (BH 4 ), GTP cyclohydrolase-I (GTP-CH), and reactive oxygen species (ROS) derived from NADPH oxidase. Finally, we determined the intracellular signaling pathways mediating the cerebrovascular actions of insulin in IR.
Materials and methods
The animal protocol was approved by the Institutional Animal Care and Use Committee of Wake Forest University Health Sciences and Tulane University. All experiments complied with the National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals. Young Sprague-Dawley (SD, n = 10), ZO (n = 25), and ZL (n = 25) rats were obtained at 10 to 11 weeks of age and aged SD rats (n = 8) were obtained at 12 months of age. Animals were housed in the animal care facility, received standard rat chow and tap water ad libitum.
Zucker Obese Rat Model
The ZO rat with a leptin receptor mutation (fa/fa, homozygous for the mutation) has been widely used as a model of IR and T2DM with ZL as genetically appropriate controls (Fa/fa, heterozygous for the mutation; Bray, 1977) . Previous data from our laboratory (Erdos et al, 2004 (Erdos et al, , 2006 and others (Oltman et al, 2006; Phillips et al, 2005; Stepp, 2006) have shown that ZO rats develop IR with a metabolic profile very similar to the human condition. As reported previously (Erdos et al, 2004 (Erdos et al, , 2006 , at 10 to 12 weeks of age, ZO rats had significantly greater body weight and exhibited features typical of metabolic syndrome including impaired glucose tolerance, hyperinsulinemia (widely used marker of IR), hypertriglyceridemia, and hypercholesterolemia. Importantly, young ZO rats used in the present study were insulin resistant but glucose levels and blood pressure were not elevated.
Insulin and Glucose Assays
Blood samples were taken via needle and syringe from the left ventricle after exposure to isofluorane anesthesia before decapitation of fasting rats. Plasma insulin and glucose levels were measured using a rat insulin enzymelinked immunosorbent assay (ELISA) kit (Crystal Chem, Chicago, IL, USA) and Trinder reagent (Sigma, St Louis, MO, USA), respectively.
Vascular Reactivity
Arterial diameter studies were performed as described previously (Katakam et al, 2009b) . Briefly, isolated middle and posterior cerebral arteries (140 to 180 mm) were cannulated in a vessel bath (Chueltech Scientific Design, Houston, TX, USA) filled with warm oxygenated (20%O 2 / 5% CO 2 /75% N 2 at 371C) physiological salt solution, and intraluminal diameter was measured by a video dimension analyzer (Living Systems, Burlington, VT, USA). Arteries were slowly pressurized to 70 mm Hg with physiological salt solution under no flow conditions until a stable myogenic tone (30% to 45% of passive diameter) developed. Subsequently, drugs were administered abluminally in the bath solution. Endothelium was removed by injecting a bolus of 1 mL of air through the arteries and confirmed by the lack of significant response to bradykinin. Each arterial segment was used only for a single dose-response experiment. Viability of all arteries was verified by contraction to 60 mmol/L potassium chloride (KCl), endothelium-dependent vasodilation to bradykininand vascular smooth muscle cell-dependent vasodilation to sodium nitroprusside. Previously, we reported that vascular parameters and responses of the middle and posterior cerebral arteries to insulin were similar to each other (Katakam et al, 2009a) ; therefore, the data were combined in the present study.
Vascular responses to insulin (0.1 to 100 ng/mL; Humulin R, Eli Lilly Company, Indianapolis, IN, USA) were determined in the presence and absence of indomethacin (nonselective COX inhibitor, 10 mmol/L), N o -nitro L-arginine methyl ester (L-NAME, nonselective NOS inhibitor, 100 mmol/L), 7-nitroindazole (7-NI, neuronal NOS (nNOS) inhibitor , 10 mmol/L), sepiapterin (a precursor of BH 4 , 10 mmol/L), apocynin (NADPH oxidase inhibitor, 300 mmol/ L), poly-ethylene glycol-superoxide dismutase (PEG-SOD, a membrane permeable ROS scavenger, 250 units/mL), and manganese(III) tetrakis(4-benzoic acid)porphyrin chloride (MnTBAP, a membrane permeable SOD mimetic, 100 mmol/L).
In-Situ Determination of Reactive Oxygen Species Generation
Dihydroethidium (DHE; Molecular Probes, Eugene, OR, USA) was used to evaluate the in-situ production of ROS. Freshly isolated vascular segments of cerebral arteries, incubated in DHE (5 mmol/L) for 1 hour in a light protected humidified chamber at 371C were treated with or without 40 ng/mL insulin in the presence and absence of L-NAME (100 mmol/L), 7-NI (10 mmol/L), or sepiapterin (10 mmol/L). Then, the vascular segments were washed in phosphatebuffered saline and embedded in freezing medium (Optimal Cutting Temperature; Sakura Finetek USA, Torrance, CA, USA) and snap frozen in liquid nitrogen. Transverse sections (40 mm) of the arteries were cut with a cryostat (Leica CM 1850 UV Cryostat, Leica Microsystems, Germany), and mounted onto Superfrost Plus microscope slides. Fluorescence images of DHE were acquired using a Zeiss 7 Live laser scanning confocal microscope (l excitation 488 nm and l emission > 560 nm) containing 40 Â 'PlanNeofluar' objective with numerical aperture of 0.7. The presence of vascular ROS was revealed as red DHE fluorescence. Three to six sections of each vascular segment were imaged simultaneously from ZL and ZO rat pairs under identical conditions and microscopy settings. All images were analyzed offline using NIH-Image J application and presented as mean pixel intensity (arbitrary units) normalized to the fluorescence intensity of corresponding paired untreated ZL vascular section.
Average DHE fluorescence intensity for each animal represents the average fluorescence of all sections of the vascular segments imaged.
Insulin and Vascular Signaling
Isolated cerebral arteries were treated with and without insulin (40 ng/mL) in low glucose Dulbecco's Modified Eagle Medium medium at 371C for 15 to 20 minutes. Arteries were washed and snap frozen in liquid nitrogen. Subsequently, homogenates were prepared from the tissues to determine the cellular signaling by western blotting.
RT-PCR
Total RNA was obtained from isolated cerebral arteries using the SV Total RNA Isolation System (Promega, Madison, WI, USA). RT-PCR experiments were performed in an Eppendorf Mastercycler thermocycler (Brinkmann Instruments, Westbury, NY, USA) as previously described (Katakam et al, , 2009a . From each sample, 50 pg of total RNA was reverse transcribed and amplified using QIAGEN OneStep RT-PCR Kit with gene-specific primers targeting rat insulin receptor (sense primer: 5 0 -GCCATCCCGAAAGCGAAGATC-3 0 ; anti-sense primer: 5 0 -TCTGGGTCCTGATTGCAT-3 0 ; reference sequence NM_017071). Expected lengths of the RT-PCR product were 224 base pairs. We used 35 cycles for insulin receptor amplification. In control experiments, when reverse transcription was omitted, no amplification was observed.
Western Blot Analysis
Western blot analyses were performed as previously described (Katakam et al, 2009a, b) . Briefly, equal amounts of extracted protein from homogenates of cerebral arteries were separated by 4% to 20% SDS-PAGE and transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). Membranes were blocked with 1% nonfat milk in Tris-buffered saline and 0.05% Tween-20 for 1 hour at room temperature. Subsequently, the membranes were incubated overnight at 41C with the primary antibodies for human insulin receptor b subunit (1:4,000; BD Transduction Laboratories, San Jose, CA, USA), total and phosphorylated endothelial NOS (eNOS) (1:4,000; BD Transduction Laboratories), total nNOS and inducible NOS (iNOS) (1:2,000; BD Transduction Laboratories), GTP-CH (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) total Akt (1:4,000; BD Transduction Laboratories), phosphorylated Akt that recognize the phosphorylated Ser473 (1:5,000; Cell Signaling Technology, Danvers, MA, USA), phosphorylated PKC-pan (1:2,500; Cell Signaling Technology), phosphorylated PKC-a/b (1:2,000; BD Transduction Laboratories), total and phosphorylated ERK-1/2 (1:2,500; Promega), and b-actin (1:2,500; Sigma). The membranes were then washed and for 2 hours in the blocking buffer with anti-rabbit IgG (1:50,000 dilution; Jackson ImmunoResearch, West Grove, PA, USA) conjugated to horseradish peroxidase. The final reaction products were visualized using enhanced chemiluminescence (SuperSignal West Pico; Pierce, Rockford, IL, USA) and recorded on X-ray film. Each immunoband intensity was normalized to the corresponding immunoband intensity of b-actin, which was used as a loading control.
Drugs, Chemicals, and Solutions
All chemicals were purchased from Sigma except MnTBAP (Calbiochem, San Diego, CA, USA) and DHE (Molecular Probes). Stock solutions of 7-NI and apocynin were prepared in dimethyl sulfoxide and all the other chemicals were prepared in deionized water. The composition of physiological salt solution (mmol/L) was NaCl (112) 
Data Analysis and Statistics
All data are reported as mean ± s.e.m. 'n' Indicates the number of independent experiments and also the number of animals used. Comparisons between the groups were performed by analysis of variance and post hoc analysis was performed by Student-Newman-Keuls method. A P < 0.05 was considered as statistically significant.
Results

Plasma Insulin and Glucose Measurements
Fasting plasma glucose levels (mg/dL) were 143 ± 8 in ZL rats (n = 9), 144±10 in ZO rats (n = 9; P = NS), 148±8 in young SD rats (n = 5), and 137±10 in aged SD rats (n = 8; P = NS), indicating normoglycemia. Overall, the fasting glucose levels are slightly higher than 125 mg/dL as the blood samples were collected from anesthetized rats. In contrast, fasting plasma insulin levels (ng/mL) were significantly elevated in aged SD rats (2.5±0.15, n = 8; P < 0.05) and in ZO rats (8.55 ± 0.59, n = 9; P < 0.05) compared with young SD rats (1.07 ± 0.08, n = 5) and ZL rats (1.9±0.96, n = 9) respectively, confirming hyperinsulinemia and IR.
Expression of Insulin Receptor
Our previous study was the only report of the presence of insulin receptors in intact rat cerebral arteries. To confirm the presence of insulin receptors, we determined their expression in cerebral arteries of Zucker rats. PCR experiments showed the presence of 224 bp length insulin receptor mRNA in the rat cerebral arteries ( Figure 1A) . Similarly, the 95-kDa insulin receptor b subunit protein was also identified in the homogenates of rat cerebral arteries ( Figure 1B ).
Insulin and Vasoreactivity
The average resting intraluminal diameter of cerebral arteries from all rats for each group of experiments was similar and they were preconstricted to a similar extent before the administration of various concentrations of insulin to determine the vasodilation elicited by insulin (online Supplementary Table 1) . Insulin elicited a dose-dependent vasodilation in all cerebral arteries; however, significantly reduced vasodilation was observed in ZO compared with ZL rats ( Figure 1C) . Similarly, decreased insulin-induced vasodilation (% maximal vasodilation) was observed in the cerebral arteries of aged SD rats (19.7 ± 3, n = 8; P < 0.05) compared with arteries from young SD rats (32.0±3, n = 12) ( Figure 1D ). Denudation of endothelium revealed a dose-dependent vasoconstriction to insulin in all arteries but ZO arteries displayed greater vasoconstriction ( Figure 1C ).
Inhibition of COX by indomethacin enhanced vasodilation in ZL arteries at low insulin concentrations although maximal vasodilation was unchanged ( Figure 2A ). In contrast, indomethacin enhanced vasodilation to all concentrations of insulin in ZO arteries (n = 5, P < 0.05, Figure 2A ). Thus, insulin promoted significantly greater production of vasoconstrictor COX metabolites in ZO arteries. N o -nitro L-arginine methyl ester treatment resulted in diminished maximal relaxation to insulin in ZL arteries implicating nitric oxide (NO) in vasodilation ( Figure 2B ). In contrast, selective inhibition of nNOS with 7-NI had no impact on insulin-induced vasodilation in ZL arteries, suggesting that nNOS did not contribute NO. Paradoxically, L-NAME improved maximal vasodilation to insulin in ZO arteries, suggesting that NOS generates a vasoconstrictor factor, possibly ROS ( Figure 2B ). Interestingly, 7-NI also promoted vasodilation in ZO arteries, suggesting that nNOS also contributed to the vasoconstriction ( Figure 2B ). Sepiapterin pretreatment resulted in improvement of vasodilation to insulin only in ZO arteries indicating reduced BH 4 bioavailability, a known mechanism underlying NOS uncoupling. Sepiapterin has been shown to display nonspecific vascular actions. However, in the present study the vasoreactivity studies of arteries treated with sepiapterin indicate that the BH 4 bioavailability appeared to be unchanged in ZL rats ( Figure 2C ). Thus, at the dosage used and under the conditions of the present study sepiapterin displayed reasonable conditionspecific selectivity in ZO arteries.
Inhibition of ROS generation with apocynin did not affect the maximal vasodilation to insulin in ZL arteries, whereas apocynin improved vasodilation in ZO arteries ( Figure 3A ). This indicates that insulin activated NADPH oxidase leading to excess ROS generation, which in turn diminished vasodilation to insulin in ZO arteries. However, in ZL arteries, insulin-induced ROS production by NADPH oxidase was not sufficient to alter the vasodilation. Scavenging of the ROS with PEG-SOD improved vasodilation to 1 ng/mL insulin in ZL arteries compared with baseline although maximal relaxation to insulin was unchanged, indicating that insulin promotes ROS generation at basal levels that oppose the vasodilator response to insulin. In ZO arteries, however, PEG- (*) and (w) Indicate significant difference with respect to response to insulin in endothelium intact arteries of ZL and ZO rats, respectively (P < 0.05). (y) Indicate significant difference with respect to response to insulin in endothelium intact arteries of young SD rats (P < 0.05).
SOD treatment normalized the vasodilation indicating that increased oxidative stress diminished vasodilation in ZO arteries ( Figure 3B ). In addition, scavenging of the ROS with MnTBAP did affect the vasodilation to insulin in ZL arteries whereas MnTBAP promoted vasodilation in ZO arteries ( Figure 3B ). Pretreatment with L-NAME and 7-NI constricted the arteries in all rats; however, ZO arteries exhibited increased constriction to L-NAME compared with ZL arteries. Pretreatment with indomethacin dilated all arteries whereas pretreatment with sepiapterin, apocynin, PEG-SOD, and MnTBAP had no effect on baseline diameter of the arteries.
Vascular Signaling
Cellular kinases mediate vasodilator and vasoconstrictor signaling in arteries. To uncover the signaling mechanisms underlying the impaired vascular actions of insulin in IR, we determined the activation of the key kinases and their targets known to regulate vasoreactivity. Treatment of rat cerebral arteries with insulin in vitro elicited phosphorylation of kinases in all arteries. Zucker obese arteries exhibited diminished insulin-induced phosphorylation of eNOS compared with ZL arteries ( Figure 4A ). However, insulin did not affect the expression of total eNOS, nNOS, or iNOS in all arteries (Figures 4A and 4B) . Total expression of eNOS was enhanced in ZO arteries at baseline compared with ZL arteries, indicating a possible response to reduced NO bioavailability. In addition, ZO arteries displayed increased iNOS expression at baseline, suggesting an underlying vascular inflammatory process. Inducible NOS immunobands from protein extracts of ZL arteries were barely visible indicating lack of expression ( Figure 4B ). Expression of GTP-CH at basal levels was diminished in ZO arteries compared with ZL arteries. Treatment with insulin enhanced the expression of GTP-CH in all arteries although ZO arteries exhibited diminished increase in GTP-CH expression compared with ZL arteries. Taken together, it appears that ZO arteries have a reduced ability to regenerate BH 4 at baseline and in response to insulin ( Figure 4C ). Insulin treatment of arteries increased the phosphorylation of Akt without changing the total Akt; however, the Akt phosphorylation was diminished in ZO arteries compared with ZL arteries ( Figure 5A ). In contrast, insulin-induced phosphorylations of pan-PKC, PKCa/b, and ERK 1/2 were increased in ZO compared with ZL arteries (Figures 5B and 5C ).
Reactive Oxygen Species Generation
Fluorescence microscopy revealed greater DHE fluorescence in ZO than in ZL arterial sections, indicating increased ROS production under baseline conditions ( Figures 6A, 6B, and 6G) . In ZL arteries, L-NAME enhanced DHE fluorescence compared with the untreated arteries suggesting that NO may reduce ROS ( Figures 6C and 6G) . In contrast, treatment with 7-NI did not change the DHE fluorescence in ZL arteries, indicating that nNOS had no impact on vascular ROS ( Figure 6G ). Paradoxically, in ZO arteries, L-NAME and 7-NI diminished DHE fluorescence implying that part of the ROS probably originated from uncoupled NOS isoforms including nNOS. This indicates the ability of insulin to promote ROS generation independent of its ability to stimulate NO production. In ZL arteries, combined treatment with L-NAME and insulin enhanced the DHE fluorescence more than when each treatment was applied alone. This implies an additive effect of diminished NO mediated ROS reduction and increased generation of ROS. In contrast, combined treatment with 7-NI and insulin did not increase the DHE fluorescence in ZL arteries, indicating that nNOS was not a source of insulin-induced ROS generation ( Figure 6G ). Paradoxically, in ZO arteries, both L-NAME and 7-NI co-treatment with insulin abolished insulin-induced increases in DHE fluorescence suggesting that uncoupled NOS isoforms, including eNOS/iNOS and nNOS, generated ROS in response to insulin ( Figures 6D, 6F , and 6G). Furthermore, sepiapterin treatment diminished the enhanced DHE fluorescence at baseline and in response to insulin in ZO arteries implicating reduced BH 4 bioavailability in NOS uncoupling ( Figures 6E and 6G ).
Discussion
The present study reports impaired cerebrovascular actions of insulin in diabetes or IR. We show that cerebral vascular responsiveness to insulin is reduced in IR animals associated with obesity due to complex changes in vasodilation and vasoconstriction pathways based on the following original findings: (1) insulin-induced vasodilation in isolated cerebral arteries was significantly diminished in ZO rats compared with ZL rats; (2) eNOS-derived NO mediated insulin-induced vasodilation in ZL arteries whereas in ZO arteries, NO-mediated vasodilation was lost and uncoupling of NOS isoforms resulted in ROS generation contributing to vasoconstriction. Supplementation with the precursor of BH 4 diminished the insulin-induced ROS generation and restored vasodilation in ZO arteries implicating NOS uncoupling in cerebrovascular IR; (3) ZO arteries exhibited decreased expression of GTP-CH at baseline and after insulin treatment compared with ZL arteries that contributed to the reduced BH 4 bioavailability; (4) insulin promoted abnormal activation of NADPH oxidase in ZO arteries leading to increased generation of ROS and diminished vasodilation. Scavenging of ROS or inhibition of NOS isoforms partially restored insulin-induced vasodilation in ZO arteries confirming the role of oxidative stress in cerebrovascular IR; (5) COX metabolites primarily mediated vasoconstriction in response to insulin and increased production of vasoconstrictor prostanoids reduced vasodilation to insulin in ZO arteries; (6) abnormal insulin-induced phosphorylation of kinases resulted in diminished vasodilatory (eNOS and Akt) and enhanced vasoconstrictor (pan-PKC, PKC-a/b, and ERK-1/2) signaling in ZO arteries. Thus, taken together, these findings show that cerebrovascular IR in ZO rats displays selective resistance to signaling pathways that promote vasodilation compounded by selective promotion of vascular signaling that induce vasoconstriction as summarized in the schematic in Figure 7 .
Our laboratory identified the mRNA and protein of insulin receptors in the cerebral arteries of SD rats (Katakam et al, 2009a) . In the present study, we identified mRNA and protein of insulin receptors in the cerebral arteries of Zucker rats comparable in size to the insulin receptors previously reported (Katakam et al, 2009a; Moloney et al, 2010) .
Normal fasting plasma insulin levels in humans are < 1 ng/mL and they are elevated many times over the basal levels after ingesting a meal; however, obese humans display insulin levels often 3 to 5 times higher at fasting and postprandial states (Polonsky et al, 1988 Figure 7 A schematic of the mechanisms underlying cerebrovascular insulin resistance (IR) in Zucker obese (ZO) rats. Insulin binding to insulin receptor leads to activation of kinase signaling by phosphorylation that in turn activates downstream signaling pathways. Zucker obese arteries displayed reduced phosphorylation of Akt and its target, endothelial nitric oxide synthase (eNOS), resulting in diminished nitric oxide (NO)-mediated vasodilation. Insulin binding also resulted in enhanced PKC and ERK 1/2 phosphorylation and activation in ZO arteries that may likely mediate excess superoxide production by NADPH oxidase. Excessive reactive oxygen species (ROS) formation in response to insulin in ZO arteries promoted enhanced vasoconstriction that was reversed by the scavenging of ROS. In addition, oxidative stress in ZO arteries may have induced uncoupling of NOS by oxidation of tetrahydrobiopterin (BH 4 ), an essential cofactor for the activation of NOS that stabilizes the dimeric form of the enzyme, leading to superoxide formation. Zucker obese arteries also displayed decreased expression of GTP cyclohydrolase-I (GTP-CH), a rate-limiting enzyme in the de-novo biosynthesis of BH 4 , at baseline and in response to insulin, which further impairs their ability to regenerate BH 4 in the context of increased oxidative degradation of BH 4 . Zucker obese arteries also exhibit enhanced vasoconstriction mediated by cyclooxygenase (COX) metabolites. Thus, cerebrovascular IR in ZO arteries is characterized by depressed activation (dotted arrows) of vasodilatory and exaggerated activation (solid arrows) of vasoconstrictor pathways. PGI 2 , prostaglandin I 2 ; TXA, thromboxane.
(1 unit/kg per day) may display plasma insulin levels of 10 ng/mL or higher (prescribing information of Novo Nordisk, Princeton, NJ, USA), based on the WHO established standard (WHO Expert Committee on Biological Standardization. Thirty-Seventh Report, 1987) . In the present study, insulin concentrations ranged from 0.1 to 100 ng/mL and thus covered physiological, pathological, and pharmacological insulin levels.
Cerebrovascular Insulin Resistance Accompanies Metabolic Insulin Resistance
Zucker obese rats and aged SD rats displayed similar plasma glucose levels but hyperinsulinemia when compared with their respective controls, ZL rats and younger SD rats confirming obesity and age-related metabolic IR with normoglycemia. Consistent with our previous observations in SD rats (Katakam et al, 2009a) , insulin induced vasodilation in isolated cerebral arteries of Zucker rats. However, the vasodilation to insulin was diminished in ZO compared with ZL rats signifying cerebrovascular IR. Similarly, insulin-induced vasodilation was also reduced in aged SD rats compared with younger SD rats. Thus, cerebrovascular IR accompanied metabolic IR in two diverse models of IR, indicating that vascular IR observed was independent of underlying etiology of IR.
Vasodilation elicited by insulin was entirely endothelium-dependent but endothelial denudation abolished vasodilation, and instead revealed dosedependent vasoconstriction to insulin. This vasoconstrictor response to insulin was enhanced in ZO arteries compared with ZL arteries. Thus, reduced vasodilation combined with enhanced vasoconstriction underlies the cerebrovascular IR in ZO arteries.
Role of Cyclooxygenase
Consistent with our previous studies (Katakam et al, 2009a) , activation of COX by insulin promoted the generation of vasoconstrictor metabolites from the vascular wall in Zucker rats. Cerebral arteries of ZO rats appeared to produce increased vasoconstrictor prostanoids in response to insulin, leading to greater vasoconstriction compared with ZL arteries. Similar abnormal activation of COX in response to insulin has also been implicated in vascular dysfunction in T2DM (Bagi et al, 2005) .
Role of Nitric Oxide Synthase Uncoupling
Insulin-induced vasodilation in ZL arteries was mediated primarily by NO originating only from eNOS, unlike SD rat cerebral arteries where both eNOS and nNOS participated in vasodilation (Katakam et al, 2009a) . We previously observed that NOmediated vasodilation was diminished in ZO arteries despite the evidence of increased eNOS and iNOS expression compared with ZL arteries (Erdos et al, 2004; Katakam et al, 2009b) . Moreover, a reduced phosphorylated NOS protein in response to insulin, consistent with reduced NO-mediated vasodilation, was observed in ZO arteries compared with ZL arteries. Interestingly, NOS appears to release a vasoconstrictor factor in response to insulin in ZO arteries since inhibition of NOS paradoxically promoted vasodilation. It is known that NOS isoforms in an uncoupled state produce superoxide anion, which promotes vasoconstriction by direct activation of vasoconstrictor pathways or by decreasing the NO bioavailability. Inhibition of all NOS isoforms, or specifically nNOS, partially restored the insulininduced vasodilation implicating uncoupling of NOS isoforms and subsequent superoxide anion production in the diminished vasodilation. Indeed, direct ROS measurement confirmed enhanced ROS production in ZO arteries in response to insulin that was partially restored by BH 4 precursor supplementation or inhibition of NOS in general and nNOS in particular. Western blot studies identified all three isoforms of NOS in cerebral arteries of Zucker rats. Thus, uncoupling of NOS in ZO arteries may likely involve all NOS isoforms.
Reduced Tetrahydrobiopterin Bioavailability and GTP Cyclohydrolase-I Expression
Tetrahydrobiopterin is a cofactor regulating NOS activity and NO synthesis by promoting eNOS dimerization and protein stability. Reduced BH 4 levels promote eNOS uncoupling leading to formation of superoxide (Katusic et al, 2009; Tarpey, 2002) . In endothelial cells, reduction of BH 4 levels occurs due to either increased oxidative conversion to 7,8-dihydrobiopterin (BH 2 ) or decreased biosynthesis by GTP-CH, a rate-limiting enzyme in the de-novo biosynthesis of BH 4 (Katusic et al, 2009) . Indeed, we made a novel observation that GTP-CH expression was diminished in ZO arteries at baseline and after activation with insulin compared with ZL arteries. Reduced GTP-CH expression has been shown in type 1 diabetes (Wang et al, 2009 ) but reduced GTP-CH expression in the absence of hyperglycemia in IR in ZO rats is a novel finding. Similarly, insulin's ability to enhance the expression of GTP-CH in cerebral arteries is consistent with previous report (Ishii et al, 2001) . Importantly, sepiapterin treatment to promote increased BH 4 generation improved the vasodilation to insulin in ZO rats suggesting decreased BH 4 bioavailability. Conflicting findings have been reported showing sepiapterin improved (Laursen et al, 2001; Shinozaki et al, 2000) or worsened (Mitchell et al, 2004 ) the diminished vasodilation in conditions with uncoupled eNOS. Sepiapterin has been shown to display many actions and the effects of sepiapterin may be the result of the extent of BH 4 salvage pathway activity and conversion to BH 4 as well as sepiapterin binding to eNOS in competition with BH 4 . In addi-tion, BH 4 bioavailability is dependent on the rate of autoxidation and consumption by reacting to peroxynitrite. It has been suggested that the ratio of reduced and oxidized biopterin may be physiologically important in determining the rates of NO production versus uncoupled superoxide formation from eNOS (Tarpey, 2002) . However, under our experimental conditions, ROS measurements confirmed that sepiapterin indeed diminished insulin-induced ROS generation in ZO arteries. Thus, the demonstration of insulin's ability to induce uncoupling of NOS isoforms is a novel observation of the present study.
Role of Oxidative Stress
Reduced BH 4 levels due to oxidative degradation of BH 4 to BH 2 has been reported in diabetes (Shinozaki et al, 2000) . Furthermore, BH 2 competes for binding to NOS at the BH 4 site, thus promoting NOS uncoupling and loss of NO production (Katusic et al, 2009) . Increased ROS production in ZO arteries is an additional mechanism underlying the uncoupling of NOS by oxidative degradation of BH 4 to BH 2 . Increased vasoconstriction and reduced vasodilation in ZO arteries in response to insulin also appear to be mediated by ROS because scavenging the ROS with PEG-SOD or MnTBAP or inhibition of ROS generation with apocynin, L-NAME, or 7-NI promoted vasodilation. Interestingly, the ROS scavengers, PEG-SOD and MnTBAP, displayed variable degree of effect on insulin-induced vasodilation in Zucker arteries. This finding may be explained by their differences in molecular structure, intracellular distribution, and mechanisms of scavenging. Alternatively, MnTBAP has been proposed to be relatively more efficient scavenger of mitochondrial ROS than SOD (Patel, 2003; Szabo et al, 1996) ; thus, it may be speculated that insulin promoted mitochondrial dysfunction in the arterial wall by activating mitochondrial ROS generation in ZO arteries. However, further studies are required to establish direct activation of mitochondrial oxidative stress by insulin in ZO arteries.
Consistent with our previous observations in coronary arteries (Katakam et al, 2005) , direct measurements of ROS showed the ability of insulin to activate ROS production in rat cerebral arteries. Overall, ROS generation at basal and insulin activated states was greatly increased in ZO arteries. Importantly, ROS generation in ZO arteries was diminished by NOS inhibition or promoting BH 4 generation supporting the role of NOS uncoupling in cerebrovascular IR. Surprisingly, NOS inhibition in ZL arteries enhanced vascular ROS. It is not clear whether NO simply quenches ROS or exhibits more complex regulation of ROS generation. In addition to uncoupling of NOS, enhanced insulin-induced activation of NADPH oxidase appears to contribute to the oxidative stress in ZO arteries as inhibition of NADPH oxidase activity partially restored the cerebrovascular vasodilation in ZO rats. We reported similar observations related to coronary vascular dysfunction in ZO rats (Katakam et al, 2005) . It has been proposed that in endothelial cells and vascular smooth muscle cells, apocynin reduces ROS not by inhibiting NAPDH oxidase but possibly by scavenging ROS (Heumuller et al, 2008) . However, it has been argued that whether apocynin inhibits NADPH oxidase in nonphagocytic cells without myeloperoxidase depends on the cell type studied and the ability of vascular wall to activate apocynin (Touyz, 2008) . Insulin-induced vasodilation was improved by apocynin only in ZO arteries, suggesting that insulin enhanced NADPH oxidase activity in ZO arteries. Thus, the present study identified insulin as a novel instigator of NOS uncoupling in cerebrovascular IR via abnormal activation of NADPH oxidase.
Abnormal Vascular Signaling
Insulin elicited phosphorylation of Akt at ser473 in cerebral arteries of Zucker rats consistent with previous observations (Katakam et al, 2009a) . Akt phosphorylation has been linked to phosphorylation of eNOS at Ser1177 and NO formation (Mount et al, 2007) . Insulin also has been shown to stimulate NO synthesis by Akt-mediated phosphorylation and activation of eNOS (Ritchie et al, 2010) . Cerebral arteries of Zucker rats also exhibited insulin-induced eNOS phosphorylation at Ser1177. However, phosphorylation of both Akt and eNOS in response to insulin was diminished in ZO compared with ZL arteries. As previously reported (Bakker et al, 2008b) , insulin also induced phosphorylation of PKC (pan and a/b isoforms) in cerebral arteries. Enhanced PKC activation has been shown to promote vasoconstriction in ZO rats (Erdos et al, 2004) and models of T2DM (Bakker et al, 2008a) via activation of NADPH oxidase, promoting endothelin-1 expression and increasing mitochondrial ROS formation (Geraldes and King, 2010) . We observed increased insulininduced phosphorylation of PKC isoforms in ZO that may have contributed to the cerebrovascular IR. Finally, insulin has also been shown to activate ERK 1/2 signaling in vasculature that contributes to vasoconstrictor actions of insulin (Bakker et al, 2008a; Eringa et al, 2004) . Cerebral arteries of Zucker rats similarly exhibited activation of ERK 1/2 by phosphorylation, which was greater in ZO arteries compared with ZL arteries. Thus, investigation of kinase signaling in the vascular wall revealed complex activation of pathways leading to impaired vasodilation and enhanced vasoconstriction.
Insulin Versus Other Vasodilators
Cerebrovascular actions of insulin in Zucker rats were unique when compared with other vasodilators. For example, previous studies in our laboratory showed that inhibition of NOS diminished vasodilation in cerebral arteries of ZL arteries in response to two mechanistically different vasodilators, acetylcholine and diazoxide (Erdos et al, 2004; Katakam et al, 2009b) . Unlike insulin, neither acetylcholine nor diazoxide improved vasodilation to insulin in ZO arteries in the presence of NOS inhibitors, suggesting that insulin displays unique ability to promote NOS uncoupling in IR (Erdos et al, 2004; Katakam et al, 2009b) . In addition, we observed the ability to modulate expression of GTP-CH enzyme and activity of NOS isoforms unique to insulin. Thus, the present study uncovered unique vascular actions of insulin in cerebral arteries of ZO rats that have not been reported in other circulations such as mesenteric (Miller et al, 2002) or coronary (Katakam et al, 2005) . It is noted that vasodilation to nitroprusside was unchanged in ZO arteries compared with ZL arteries (Erdos et al, 2004) .
Limitations
It is acknowledged that our observations in ZO rats are confounded by the effects of obesity and leptin receptor mutation on the same signaling pathways affected by insulin. However, the significant distinction displayed by insulin in inducing NOS uncoupling in ZO arteries compared with many vasodilators we previously studied (Erdos et al, 2004; Katakam et al, 2005 Katakam et al, , 2009b assures the specificity of insulin's action in cerebrovascular IR. Although it has been reported that hyperleptinemia has been associated with increased eNOS expression and uncoupling (Korda et al, 2008 ); hyperleptinemia has not been shown to directly stimulate NOS uncoupling. Moreover, the demonstration of cerebrovascular IR in aging-associated IR supports the argument that the obesity/leptin receptor mutation is unlikely to directly account for the impaired vascular actions of insulin in ZO rats.
Perspective
In conclusion, we showed that cerebrovascular IR accompanies metabolic IR in ZO rats. Diminished NO generation compounded by the increased oxidative stress resulting from NOS uncoupling and abnormal NADPH oxidase activity underlie the cerebrovascular IR. Inability of insulin to enhance GTP-CH and increased oxidative degradation of BH 4 may have contributed to reduced BH 4 bioavailability in IR. These observations have contributed to a paradigm whereby excessive ROS production in ZO arteries decreased bioavailability of NO and BH 4 leading to eNOS uncoupling and further formation of ROS, thus perpetuating a cycle of vascular oxidative stress in cerebrovascular IR.
